Abstract: For protection against electric shock in low voltage systems residual current devices are commonly used. However, their proper operation can be interfered when high frequency earth fault current occurs. Serious hazard of electrocution exists then. In order to detect such a current, it is necessary to modify parameters of residual current devices, especially the operating point of their current transformer. The authors proposed the modification in the structure of residual current devices. This modification improves sensitivity of residual current devices when high frequency earth fault current occurs. The test of the modified residual current device proved that the authors' proposition is appropriate.
Introduction
Protection against electric shock in low voltage systems, according to the standard [1] , is very often realized with the use of residual current devices (RCDs). They are applied in various types of electrical circuits, also in circuits where earth fault current with high frequency components or high peak value transient leakage current flows. It leads to the problem of RCDs compatibility with such types of current. This problem is discussed in many papers [2] [3] [4] [5] [6] [7] [8] [9] [10] . Voltage and current harmonics are mainly produced by power electronics converters [2] .
An example oscillogram of the earth fault current from a circuit with a frequency converter is presented in Fig. 1 . The waveform in Fig. 1 comprises harmonics, especially high-order harmonics. The order of harmonics corresponds with the applied PWM frequency of the converter.
Typical residual current devices are not compatible with the detection of high frequency sinusoidal residual currents and residual currents with harmonics. For such earth fault currents, the tripping current of residual current devices can be very high [2] . This negatively influences the effectiveness of protection against electric shock. Fig. 2 presents the tripping current of the example RCDs as a function of earth fault (residual) current frequency. The tripping current of these RCDs rises with frequency rising, but their sensitivity to current frequency is not the same. RCD2 is sensitive to the whole testing frequency range. In the case of RCD1 there is no tripping if frequency exceeds 400 Hz. The tripping current is very important especially for residual current devices of I Δn = 30 mA rated residual current. If the tripping current rises strongly with frequency rising, the threshold of ventricular fibrillation may be exceeded and real hazard of electrocution exists. Such dangerous behaviour is represented by the tested RCD1 (Fig. 2 ). Its tripping current does not exceed the threshold of ventricular fibrillation only for frequencies not higher than 300 Hz. Moreover, commonly used residual current devices (AC-type and A-type according to [11] ) are not verified by their manufactures under high frequency conditions, because the international standard [11] delivering general requirements for residual current devices, does not require such verification. Thus, it is important to perform analysis of the behaviour of main components of residual current devices, especially their current transformer, when high frequency residual current flows.
Analysis of the operation of the residual current transformer
A residual current device comprises an iron core current transformer (CT) and an electromechanical relay (ER) with a permanent magnet (Fig. 3) . The secondary current i s (t), transformed by the current transformer, in the one half-wave amplifies the magnetic flux of the permanent magnet but in the second half-wave that flux is reduced. If the current i s (t) reaches a predetermined level, the magnetic flux derived from that current is high enough to reduce the magnetic flux of the permanent magnet, and RCD opens the main circuit. In order to ensure sufficient value of secondary current i s (t), sufficient value of secondary voltage e s (t), especially peak value, should be induced. (1) where: f is the earth fault current frequency, N s is the number of turns of the secondary winding, Φ is the magnetic field strength, B is the magnetic induction, s Fe is the current transformer core cross-section.
Unfortunately, in some cases this voltage does not rise proportionally to frequency (Fig. 4) . For a primary current equal to the rated residual current I Δn of a RCD, the induced voltage e s (t) rises only slightly. If frequency rises 20 times (from 50 to 1000 Hz) the peak value of e s (t) rises about 1.35 times (instead of 20). It means that the tripping threshold of a residual current device rapidly rises and protection against electric shock may not be effective. Fig. 5 presents peak values of the induced secondary voltage e peak as a function of frequency. These values are presented in relation to the value of a frequency equal to 50 Hz. One can see that for frequencies higher than 250 Hz the peak value of induced voltage is almost constant. One of the main cause of the results presented in Fig. 4 and Fig. 5 is a very wide hysteresis loop of the iron core of the current transformer for high frequency (Fig. 6) . The hysteresis loop shapes can be various [12] [13] [14] [15] [16] and may have a crucial impact on the sensitivity of the current transformer to the earth current waveform. To achieve the same level of induction in the current transformer core, for higher frequencies, a higher value of earth fault current is necessary.
In the case of this iron core, the proper operation of a residual current device (for various frequencies) can be achieved when the operating point of a current transformer (i.e. iron core) is situated close to the saturation point for the highest expected frequency (for example fs1000 if the highest frequency is equal to 1000 Hz).
The designing process of the residual current devices for circuits of a high frequency residual current should take into account the properties of the iron core of a residual current transformer in the presence of high frequency waveforms. The operating point of the current transformers should then be modified. Fig. 7 presents induced secondary voltage obtained for the proposed modified operating point of the current transformer. The expected rise in voltage occurs for a primary current equal to 5I Δn . It is observed that the most important value of the induced secondary voltage -peak value -significantly rises with frequency rising (positive effect). This result may be achieved by modification of the windings. The simplest solution is to change the number of turns of the primary winding. The secondary voltage e peak (peak value in relation to a reference value of 50 Hz) of the current transformers for the frequency range 50-1000 Hz, for the primary current 5I Δn , is presented in Fig. 8. Comparing Fig. 8 to Fig. 5 one can see that the increase of the peak value is more favourable for 5I Δn (Fig. 8 ) than for I Δn (Fig. 5). 
Properties of a modified current transformer for high frequency RCDs
Taking into account the above mentioned properties of residual current transformers for the detection of high frequency primary current waveforms, a laboratory model of a residual current transformer has been designed. In this concept the current transformer is dedicated for a RCD of I Δn = 300 mA and its real tripping current should be within 0.5I Δn -I Δn (150-300 mA) for the frequency range 50-1000 Hz. An equivalent circuit of a residual current device is presented in Fig. 9 . The induced secondary voltage of the laboratory model of the current transformer was measured. The model was prepared and tested for primary current equal to 220 mA -it is close to the geometric mean value of the range of 150-300 mA. The results of the test are presented in Fig. 10 . Fig. 11 , in turn, presents the peak values of the secondary voltage in relation to a reference value of 50 Hz, for easy comparison with the values presented in Fig. 5 and Fig. 8 . In this case (Fig. 11) the rise of the secondary voltage is even higher than in Fig. 8 . It is favorable behaviour of the current transformer.
An electromechanical relay was connected to the secondary circuit of such designed residual current transformer. According to the above presented assumption, this arrangement should be able to trip within 150-300 mA for the frequency range 50-1000 Hz. A tripping characteristic of this arrangement is presented in Fig. 12 . Permissible values of the tripping current are marked as a shaded area.
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After the application of the mentioned AC/DC converter, a tripping characteristic of the arrangement was checked again (Fig. 14) . In this case the characteristic is favorable for the whole tested frequency range (50-1000 Hz).
Sensitivity of residual current devices is determined, among others, by the frequency-response of both the current transformer and the electromechanical relay. With the AC/DC converter, the relay responds to the DC current only, no matter what frequency (harmonics) the primary (also secondary) current has. In general, the AC/DC converter is frequency-independent. 
Conclusions
Most of commonly used residual current devices do not detect a high frequency earth fault current properly. The reliable operation of RCDs for such a current strictly depends on the properties of the residual current transformer applied in the RCDs. The process of selection of this transformer and its coordination with other elements of RCDs should take into account the frequency range of the earth fault current to be detected. The above proposed modifications of the residual current transformer improves operation of residual current devices when a high frequency earth fault current flows.
